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A B S T RA C T  Compound postsynaptic potentials, comprising graded excitatory-
inhibitory sequences,  are  the characteristic  mode  of response  to  afferent  input
exhibited by a population of cells in the visceroparietal  ganglion of Spisula. Ex-
perimentally  induced  interaction  between  the  phases  of the  response  indicates
that the  observed  sequential  invasion represents  differences  in  individual  com-
ponent  latencies,  rather than the physiological  resultant  of two separate  proc-
esses  having  simultaneous  onset  but different  rates  of decay.  Excitation  is  de-
pressed  by changes in membrane  conductance  throughout  the duration  of the
inhibitory phase;  moreover,  since  similar pathways from  the  periphery  initiate
both phases, excitatory  events are limited to a duration roughly equal  in length
to the latency for the inhibition. Within this interval repetitive volleys can evoke
summation  of excitatory  events. The inhibitory mechanism is temporally stable,
however, and dominates the membrane during repetitive trains of volleys at I to
100 per sec. Artificially generated  increases  in the membrane  potential decrease
the IPSP while increasing  the amplitude of the  EPSP. Thus, both phases of the
compound  response appear  to result from events occurring at chemically trans-
mitting  synaptic  loci.  Evidence  is  presented  that these  events  are  driven  via
collaterals  of  the  same  afferent  fibers.  The  behavioral  role  of  these  response
sequences  is uncertain.  Analogies,  in terms  of some  observed  reflex  activity in
these clams, appear  to exist but presently lack  experimental  verification.
INTRODUCTION
Horridge  (1961)  has  emphasized  a recurrent  problem  in attempts  to  under-
stand  the  neurological  basis  for  behavior,  namely,  the  elucidation  of  the
anatomical  and  physiological  factors  involved  in  the  production  of  fixed
sequences  of impulses  or  other  types  of electrical  activity  in  populations  of
efferent  neurons.  Such factors  are known to be reflexive  in some cases,  as in
the sequential control  of activity in the walking legs  of the cockroach,  where
sensory feedback  is intimately involved in coordinating the output to different
sets  of  muscles  (Hughes,  1957;  Wilson,  1965).  In  other  cases,  however,
mechanisms  entirely  within  the  central  nervous  system  are  presumed  to
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operate  (Wilson,  1961;  Wilson and  Wyman,  1965;  Horridge,  1961)  although
their nature  is largely  unknown.
Sequences of heterogeneous  electrical  activity in  single central  neurons are
well  known  to vertebrate  neurophysiologists  (Kandel,  Spencer,  and Brinley,
1961;  Andersen  and  Eccles,  1962;  Phillips,  1961;  Furukawa  and  Furshpan,
1963),  and  there  exists  the possibility  that organizational  principles  involved
in their  generation are similar  to those responsible  for temporal coordination
among separate,  sequentially firing  motoneurons.  In  all  these cases  a delayed
inhibitory  phase  is an invariable  sequel to antidromic  or orthodromic  excita-
tion  of  the  cell.  The  anatomical  bases  for  these  heterogeneous  electrical
sequences  are  axon  collaterals  from  the  excited  neurons  themselves,  so  ar-
ranged  as to  trigger an  inhibitory feedback  network  via internuncial  cells.
Compound postsynaptic  potentials  have recently  been recorded  from cells
within  the  central  nervous system of the surf clam,  Spisula (Mellon,  1965 a).
The present paper describes  in detail  the nature  of these electrical  sequences
and  presents  the  results  of  experiments  designed  to  determine  the  nervous
pathways  involved  in their  generation.  The available  evidence indicates  that
the late inhibitory phase  is driven through at least two synapses by collaterals
of the same afferent  fibers which directly  evoke the EPSP. The possible func-
tion  of the  compound  responses  in the  behavioral  physiology  of the  clam  is
discussed.
MATERIAL  AND  METHODS
Large individuals of the surf clam, Spisula solidissima, were used during the course of
these  studies.  In  the larger  animals,  the ganglion  cells appeared  easier  to penetrate
with microelectrodes  without apparent signs of injury, although whether this was due
to the larger size of the neurons or to some other factor was not immediately evident.
It  was noticed that in the large clams,  the dark pigmented  cells visible throughout the
central  nervous ganglia were also quite large, ranging to more than 80t%  in diameter.
However, a systematic comparison between animal size and size of both the pigmented
and nonpigmented  neurons in living and fixed material has not yet been made.  Since
all electrical records reported in this paper were  obtained from nonpigmented  cells,
conclusions  about  cell  size  based  upon  visual  observations  in  living  ganglia  were
usually not possible.
As described  in a  previous  article  (Mellon,  1965  b),  the visceroparietal  ganglion
(to  use  the terminology  of Bullock  and Horridge,  1965)  and  its major nerve  trunks
were isolated and placed in artificial sea water  (formula 4 in Formulae and Methods
published  by the Marine Biological Laboratory,  Woods Hole, Mass.),  and the layers
of connective  tissue  which surround the nervous  structures  were removed.  The layer
immediately  adjacent  to the ganglion  is transparent  and thin; nonetheless,  penetra-
tion of somata by capillary microelectrodes  could not be accomplished  as long as this
tough  sheath  remained  intact.  It  was  therefore  necessary  to  completely  expose  the
underlying neurons by carefully tearing away this layer from the dorsal surface  of the
ganglion  with fine forceps. Once  this was  accomplished,  pairs of thin platinum wire
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electrodes  were  placed  under  the  relevant  nerve  trunks  for  electrical  stimulation.
Capillary microelectrodes  containing  3  M potassium  chloride,  and  having resistances
of  10-40 megohms  were used  to record  the  electrical  activity  of single  cells.  A high
impedance  preamplifier  (Bioelectric  Instruments,  Inc.,  Hastings-on-Hudson,  N.  Y.)
comprised  the first recording  stage,  and  signals were displayed  on  a multiple  beam
oscilloscope  for photography.
Changes in the membrane potential of an impaled  cell could be effected  by passing
current  through  the  recording  electrode;  a  bridge  circuit,  containing  a  current-
limiting resistor of 109 ohms,  was used  to balance out potentials generated  by passage
of this current across the  electrode  resistance.  Unfortunately,  this technique  is some-
what prone  to  error,  because  of the possibility  of polarization  of the recording  elec-
trode  and  difficulties  in  precise  adjustment  of  the  balancing  circuit.  Quantitative
measurements  obtained with  the  arrangement  must therefore  be considered  as  only
approximate.  Relative current strength and current duration were monitored  oscillo-
graphically  by displaying the  output voltage of the pulse  generator  used  to drive the
bridge circuit.
Recordings  were  confined  to  nonpigmented  cells  on  the  dorsal  surface  of  the
anterior two-thirds of the ganglion. By continually monitoring the trace on the oscillo-
scope  as  the recording  electrode  was  slowly  advanced,  initial contact  with the gan-
glion could  be observed.  Successful  electrode  placement was characterized  either  by
a  sudden downward  (negative  going)  shift  in the  trace,  indicating  penetration  of a
neuronal  membrane by the electrode,  or (more  often)  by a slight displacement of the
trace in the opposite direction.  When the latter occurred,  a light tap delivered  to the
micromanipulator was usually sufficient to establish good penetration;  if neither  type
of behavior of the recording  element was observed,  the electrode  tip was withdrawn
slightly  and removed  to an adjacent  location.
Histological  sections were  prepared from  several  ganglia  in an attempt  to identify
the  population  of  cells  responsible  for  the  observed  electrical  activity.  The  silver
impregnation  technique  of Rowell  (1963)  was  used with  some  success,  and  surface
neurons ranging from  20 to 40g in diameter  could be visualized  in the relevant  area
of the ganglion.
The temperature  of the  solution  in the  recording  chamber could  be controlled  to
within 0.1 °C by means of a glass coil containing  a circulating coolant.  Temperatures
within  the  chamber  were  often  monitored  during  the  experiment  by  means  of  a
thermistor  probe  situated next  to the  ganglion.
RESULTS
1.  Responses to  Presynaptic  and Direct Stimulation
Penetration  of cell  bodies on  the surface of the anterior lobes revealed  resting
potentials  of  30-60  myv.  Initially,  especially  when  the  observed  membrane
potential  was  low,  action potentials  40-80 mv  in amplitude  were  discharged
by the cell at a regular frequency  (Fig.  1 A). This condition hardly ever lasted
longer  than  a  few  minutes,  during  which  time  the  membrane  potential
gradually  increased  to  a  final  stable  value  and  the  impulse  frequency,  ap-
parently  in consequence,  declined  to  zero.  Frequently,  a slight  shoulder  was
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visible  on the falling phase of the spike potential  (Fig.  1 B).  This  feature  can
also be  seen  in records  from another  molluscan preparation  (e.g.  Tauc,  1962,
Fig.  5); while  its  physiological  basis was  not  analyzed  in the  present  case,  it
probably occurs  as a result of the delayed  spread  of excitation from the  sorma
to adjacent fatigued  or  (inherently)  high  threshold  regions  of the membrane.
The  responses of surface  neurons  to presynaptic  volleys  evoked in the  ipsi-
lateral  posterior  pallial  (PP)  nerve  are shown  in  Fig.  2 A,  B.  Even  minimal
electrical  stimuli were effective  in evoking a compound postsynaptic  potential,
comprised  of a  brief early  depolarizing  phase  and  a  late  hyperpolarization
lasting  a second or  more.  At high values  of stimulus  intensity,  both phases  of
the response  reached  maximum  amplitudes,  and an action potential  typically
0I
FIGURE  1.  Records obtained from an anterior lobe neuron during an impulse  discharge,
induced  by  penetration  of the  cell  by  the  recording  electrode.  In frame  A,  the  upper
horizontal  trace,  which  indicates zero  potential  level,  is interrupted  at  the  right-hand
edge  by  a calibration  pulse.  In B, a  single impulse from  the train is shown  at a  higher
sweep speed.  Note  the  slight  shoulder on the falling phase.  Calibration  pulse,  10  mv for
both  records;  50 msec  in A. Horizontal  bar in B represents  20  msec.  (22°C).
was  evoked  by  the early  depolarization.  The hyperpolarization  is clearly  not
dependent  upon  the presence  of an  impulse  in the  impaled  neuron,  for  it  is
undiminished  in  size even  in the absence of a regenerative  response,  as  shown
in  Fig.  2 Bl.  Thus,  there  seems  to  be  no chance  that  this  phase  of the  com-
pound  response  represents  an  after-potential  phenomenon.  Additional
evidence  on  this  point  was  obtained  from direct  stimulation  of an  impaled
neuron  by  passing  depolarizing  current  through  the  recording  electrode.
Neither  single  impulses  (Fig.  2 A2)  nor brief trains (Fig.  2  B2)  were  effective
in  producing  the  prolonged  period  of  hyperpolarization  characteristically
seen  after  presynaptic  stimulation.
Convergence  of  afferent  input  from  pathways  in  several  different  nerve
roots  is  indicated  by  records  such  as  those  in  Fig.  3  A-D,  which  show  the
response  of a  surface  neuron  to maximal  volleys  evoked,  respectively,  in  the
ipsilateral  cerebrovisceral  (C-V)  connective,  the  ipsilateral  PP  nerve,  the
contralateral  C-V  connective,  and  the  contralateral  PP  nerve.  Presynaptic
pathways  to these  cells occur  in  all three  separate  branches  of the ipsilateral
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FIGURE  2.  Traces  in  A  and  B,  respectively,  illustrate  the  responses  of anterior  lobe
neurons  in  two  different  preparations.  The  diagram  applies  to  both  cells;  black  dot
indicates  approximate  location  of recording  pipette.  The  stimulating  electrodes  in this
and  subsequent  diagrams  are indicated  by numbers,  letters,  or where  a  single  pair  is
used,  by the abbreviation  "st."  Superimposed  traces  in Al  indicate  responses to volleys
during an intensity  series  delivered  to the ipsilateral  posterior  pallial nerve.  An  impulse
was generated by the EPSP following the third and largest volley.  B 1 illustrates responses
of the other cell  to  two  consecutive  volleys,  one evoking  a spike and  the other just sub-
threshold  for spike  generation. Directly evoked impulses in  the two cells are shown  in A2
and  B2. Calibration,  10 my and 50 msec.  (22
0C).
FIGURE  3.  Responses showing  convergence  onto a surface  neuron  by afferents on  both
sides  of the  ganglion.  In all  cases the input  was a  single maximal  volley;  note  that  the
ipsilateral  pathways  are  the  more  effective  input.  Calibration,  10  mv  and  50 msec.
(22
0 C).
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PP  nerve,  as  indicated  in  Fig.  4 A-C. The record  in  Fig.  4 A  is  interesting,
since  it  demonstrates  that  a  natural  input  pathway  is  capable  of  evoking
repetitive  firing  on  some  occasions.  This  may  normally  be  prevented  by  a
high  threshold  for  spike  initiation  and  the  encroachment  upon  the  spike-
generating  mechanism  of the secondary  phase  of the  response  (see below).
Before  proceeding  further  with  an  analysis  of  the compound  postsynaptic
response,  it  seemed  important  to  establish  the  physiological  validity  of  the
FIGURE  4.  Compound  responses  evoked  in  an  ipsilateral  neuron  following  maximal
volleys in  (A)  the excurrent  siphon  nerve,  (B)  the incurrent  siphon  nerve, and  (C)  the
posterior  pallial  nerve  proper.  In D,  a  subsequent  response  to  a  volley  evoked  in the
excurrent  siphon  nerve was photographed  at slower sweep  speed,  so that the entire  time
course of the compound postsynaptic potential could be seen. Calibration,  10 mv through-
out;  50  msec in  A C  (22°C).
observed  sequence,  to insure  that its  occurrence  was  not an artifact  resulting
from the rather unphysiological method of production of volleys in the afferent
pathways. A few  preparations  were examined,  therefore,  in which the siphons
and  surrounding  regions  of the  mantle  margin  were  left  attached  to the vis-
ceroparietal  ganglion  via  the  branches  of the  posterior  pallial  nerves.  After
successful  penetration  of a  surface neuron,  transient mechanical  stimuli were
delivered  to the  peripheral  structures  by means  of a sharp  probe.  As  may be
seen  in  Fig.  5,  subthreshold  and  suprathreshold  mechanical  stimuli  were
satisfactory  in producing  compound  postsynaptic  potentials  which resembled
those  evoked  by  electrical  stimuli.  In  Fig.  5  D  and  E  are  records  from  a
preparation  which responded to a mechanical stimulus with a burst of impulses
preceding  the  later  hyperpolarization.  Multiple  impulses  sometimes  oc-
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curred in response  to single maximal volleys  (Fig. 4 A); moreover,  it is known
(Mellon,  1965  b)  that  tactile  receptors  on  the  siphons  and  mantle  may
respond  to  transient  mechanical  stimuli  by  discharging  bursts  of  several
impulses,  and these  must be  more effective  than nerve  volleys  in exciting  the
surface  ganglion  cells.  This  assumption  is  supported  by  findings  that repeti-
ive  volleys  sometimes  evoke  several  spikes  before  the  appearance  of the late
inhibitory phase.
2.  Interaction of Response Phases; Functional Nature of  the  Hyperpolarizing
Response  Phase
While  the  short  latency  depolarizing  phase  of  the  response  is  clearly  an
excitatory postsynaptic potential  (EPSP),  since it can  be graded  in amplitude
and  generates  an  action  potential  at  peak  amplitudes,  the functional  nature
of the late  hyperpolarizing  phase  is  not inherently  obvious.  Accordingly,  the
responses  to volleys evoked  in two  separate input pathways  were interacted  to
test  the  possibility  that  the  secondary  phase  of  the  response  is  inhibitory  to
membrane  excitation.  Typical results  are shown in Fig.  6; while subthreshold
EPSP's which  occur in  near simultaneity can summate electrically  and there-
by  generate  an  action  potential,  depolarizing  responses  are  diminished
in amplitude,  and spike generation  is suppressed,  if they are temporally super-
imposed  on  the  peak  of  the  hyperpolarizing  response  phase.  Indeed,  both
synaptically  evoked  and  directly  evoked  impulse  initiation  are  prevented  in
such  cases  (see  Fig.  9 A);  thus,  it  seems  correct  to  designate  the  secondary
response  phase  as  an  inhibitory postsynaptic  potential  (IPSP).  Interaction  of
the  EPSP  and  IPSP evoked  in  the  same  presynaptic  pathway  was  also  ob-
tained,  by stimulating a nerve with pairs of equal intensity shocks.  The results,
representative  cases  of which  are  shown  in  Fig.  7, are  comparable  to those
obtained following heterosynaptic input: subthreshold  EPSP's will summate  if
temporally  superimposed;  however,  even  maximal  depolarizations  are
drastically  reduced  in  amplitude  when  evoked  during  the peak  of the  IPSP.
These  data  are  particularly  important,  for  they  bear  on  certain  questions
related  to the physiological  basis for the compound nature  of the response.  In
particular,  it was  necessary  to determine whether the compound  postsynaptic
potential  is  possibly  the result of two  different  simultaneous  processes  occur-
ring at separate regions of the membrane and  having different  time courses of
decay.  Thus, it might be argued that the biphasic nature of the response  is the
result of an early  masking  of the inhibitory component by excitatory  current;
the latter, having a briefer time course,  would gradually be superseded  by the
progressively  unencumbered  inhibitory  potential.  This  possibility  now  seems
remote; if anything,  the superimposition  of the early EPSP upon the inhibitory
phase of the response results in the suppression  of the former,  and such a result
is  incompatible with  the  above  hypothesis.  It  is interesting  to speculate  upon
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the  theoretical  consequences  to ganglionic  function  of the  results  pictured  in
Fig.  7; for with single  pairs of shocks,  the efficacy of synaptic  transfer depends
more  critically  upon  stimulus  interval  than  would  similar  events  at  strictly
excitatory  synapses,  and maximum  excitatory intervals  would have  to be  less
than the latency  of the IPSP regardless of the duration of the EPSP's.  Inhibi-
tion invariably predominates  during trains of several stimuli.  Fig. 8 illustrates
the results  of repetitive  maximal  volleys  evoked in an ipsilateral  pathway.  At
FIGURE  8.  Responses  to  repetitive
maximal  volleys  in  the  ipsilateral  PP
nerve  recurring  at  10  per  sec. The  rec-
I  · I  lr  I.  I 
ords  in  A-l  are  continuous  and  snow
the  postinhibitory  discharge  described
in  the  text.  Inset  in  A  illustrates  the
response  of  the  cell  to  a  single  maximal
volley.  Voltage  calibration  is  10  mv and
applies  to  all  records.  Duration  of
calibrating  pulse is  50 msec.  (22°C).
stimulus  frequencies  of ten  per  sec,  an  impulse  was generated  following  only
the  first volley.  The amplitude  of subsequent  EPSP's  was  severely  depressed
by  the  inhibitory  response,  the  membrane  potential  being  effectively  pre-
vented from reaching threshold values.  In other preparations  action potentials
were  sometimes  generated  in  response  to  the  first  three  or  four  volleys,
especially  at stimulus  frequencies  of  100  per  sec.  EPSP's  occurring  after this
were generally  of subthreshold  amplitude,  however.  Invariably,  following the
decay  of the IPSP  in response  to the final  stimulus of a train,  the level  of the
membrane  potential  declined  to values below  those normally  seen during the
resting state,  and a regular discharge  of impulses  occurred  for several  seconds
(Fig.  8 A-D).  The  physiological  mechanisms  responsible  for  this  post-
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inhibitory  rebound  have  not  been  specifically  investigated;  they  may  be
similar  to those reported  for other preparations.  However,  what appear  to be
residual  effects  of  the  prolonged  repetitive  stimulation  cause  a  slowing  of
recovery  of  the  membrane  potential  from  the  IPSP  after  stimulation  has
stopped.  This feature, unlike the postinhibitory discharge,  cannot be explained
on  the  basis of potassium  inactivation  brought  about  by  the  hyperpolarized
condition. In other experiments,  however,  prolonged hyperpolarizing  currents
passed  through  the  recording  electrode  failed  to  condition  the  cell  to  fire
repetitively when the passage of the current ceased.  Thus, it is evident that the
long term  effects  of repetitive  stimulation  warrant further  investigation.
3.  Conductance Change Associated with  the  Inhibitory Phase
It  is  possible  that  the  depression  of  the  EPSP  observed  in  the  interaction
experiments  described  above  was  due  to  mechanisms  in  the  ganglion  un-
related  to synaptic transfer at the impaled  cell. However,  it seemed  appropri-
ate  to examine  the simplest  assumption,  namely,  that  the decrease  in ampli-
tude of the EPSP occurred  as  a result of a  large  increase  in  the  conductance
of the postsynaptic membrane.  Standard  techniques were used to examine this
point;  i.e.,  by observing  the effects  of synaptic  excitation  upon  the potential
change produced  across  the membrane  by an hyperpolarizing  current passed
through the recording  electrode. The records  in Fig. 9 are characteristic;  with
increase  in  volley  strength larger  IPSP's  were  generated,  but the size  of the
hyperpolarizing  electrotonic  potentials  diminished  and  their  time  course  of
rise  and  decay  was  abbreviated.  As  might  be  expected,  the  largest  effects
upon  the  artificially  generated  membrane  polarization  occurred  at the  peak
of the  inhibitory  potential;  however,  residual  conductance  increase  was  still
present  at least  1.5  sec  after  the stimulus  (Fig.  9 F).  Some caution  should  be
exercised  in  interpreting  these  results.  Recent  investigations  of  membrane
properties  in central neurons of two other species of mollusc have disclosed  the
presence  of  anomalous  rectifying  changes  when  the  cells  were  subjected  to
hyperpolarizing  currents  (Kandel and Tauc,  1965,  1966).  Taken at face value
the records in  Fig.  9 could  as  well be  explained  by such a phenomenon  as  by
the  proposed  transmitter-induced  increases  in  membrane  conductance
involving  specific  ions.  However,  anomalous  rectification  induced  by  mem-
brane hyperpolarization  would  be  expected  as  well  to reduce  the amplitude
of  the  early  depolarizing  response  phase;  in fact,  during  periods  when  the
ambient membrane  potential was artificially increased  above its resting value,
just the opposite effect occurred  (see  Fig.  11),  indicating  that the influences  of
anomalous  rectification,  if  present,  are  difficult  to  observe.  Nonetheless,  it
would be unwise to entirely discount the presence of these membrane  changes
until current-voltage  measurements can be made with the present preparation
using an  independent  current-passing microelectrode.
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I:IGURE  9.  Conductance  changes  during  the  inhibitory  phase  of the  compound  post-
synaptic  potential. The  top trace in  all records  monitors the  output voltage of the  pulse
generator  controlling  current  duration  and  magnitude.  In A,  a  200  msec  depolarizing
pulse was effective in evoking an impulse in the otherwise resting cell; however, when the
pulse was temporally  superimposed  on the IPSP, the spike was not evoked,  and a  notice-
able  decrease  in  the IR drop  across the membrane  was  evident.  Records  in B-F  were
photographed  at higher over-all gain.  In B, six  75 msec  pulses of hyperpolarizing current
were superimposed  upon a single compound  response at various times after the  stimulus.
Note the change  in amplitude and rise time of the consequent  potential changes; records
similar  to this  were used  to obtain  the data points in  Fig.  10.  In C-D, 200 msec  pulses
were delivered at various times during the compound  response. Note that amplitude and
rise time  of the  impressed  potentials depend  critically  on their  time of occurrence  in  the
IPSP wave form and  the magnitude  of the synaptic response.  Calibration  pulses,  10 mv
throughout.  (25°C).
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It  is  reasonable  to suppose  that  the  IPSP  is  generated  by ionic  currents
which flow as a result of the increase  in conductance of the postsynaptic  mem-
brane.  If this be true,  then the  IPSP and the conductance  change  may have
similar  time  courses. The  prolonged  nature of the  IPSP's in  the surface  cells
presented  an  unusual  opportunity  for  examining  this  assumption.  Records
similar  to  that in  Fig.  9 B  were  used  to  measure  the  change  in  membrane
resistance  during  the  inhibitory phase  of the  response;  the  resistance  bridge
was balanced,  and  75  msec pulses of current were passed  through the record-
ing electrode at intervals of 315 msec. Since the output resistance of the current
generator was  109 ohms,  and  the current supplied  by the apparatus was thus
presumed to be constant,  any change in the potential drop occasioned  by the
pulse must have been due to a decrease  in membrane  resistance.  The results
of two consecutive  trials are  illustrated  graphically  in Fig.  10.  The ordinate,
which measures transient membrane resistance as per cent of the resting value,
has been adjusted  in each case  so that the first measurement is superimposed
upon  a  tracing  of the  observed  change  in  membrane  potential  during  the
response. The correspondence  between  the response  curve and the remaining
four points in each series  is quite satisfactory,  and it therefore  seems probable
that the  prolonged  time  course  of the  IPSP  has its  basis in  the  long lasting
changes in  membrane  conductance;  i.e.,  prolonged  transmitter  action.
4.  Di/erential Effect of Alterations in Membrane Potential
It  is  logical  to  assume  that the  ionic  generators  responsible  for  the separate
phases  of the  compound  response  are  qualitatively  different;  this  was  con-
firmed by observing  the differential  effects upon the two synaptic potentials of
alterations  in  the  ambient  level  of membrane  potential.  Examples  are  illu-
strated  in  Fig.  11;  in  both  preparations,  successive  increases  in  membrane
potential  not  only caused  a  decrease  in  amplitude  of the  IPSP  but at  high
values  even reversed  it to a  depolarizing direction;  simultaneously,  however,
the EPSP was increased  in amplitude. Both these results are to be expected  in
the light of the behavior of many other chemically  transmitting synapses.
5.  Similarity in Pathways Driving the  Two  Response Phases
There  can be little doubt that a rigid liaison  exists between the two phases of
the compound response;  in fact attempts to observe either of the two phases in
isolation  from  the other met with generally  unsatisfactory  results.  While the
thresholds for  the two phases  are  not always  identical,  they  are usually  very
similar,  and  increments  in  response  amplitude  as  a  function  of  stimulus
strength  are about  the same  for both the  EPSP and  the IPSP  (see Fig.  2 A).
These  findings  suggest  that  the  presynaptic  nerve  pathways  responsible  for
the  two  phases  are  either  identical  or  extremely  similar  in  fiber  diameter.
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Additional  experimental  evidence  was obtained  which  strengthens  this  con-
clusion.  A  ganglion  was  prepared  provided  with  a long  length  of cerebro-
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FIGURE  10.  Comparison  of the  time  courses  of resistance  change  and  the  compound
postsynaptic potential.  Data points, indicating per cent decrease  in IR drop during the
response,  were obtained from records similar to that in Fig. 9 B. The solid line in each
graph  is a tracing of a compound  response  wave form,  without superimposed  current
pulses, which was obtained  in response  to a volley immediately subsequent to those two
records used in calculating the data points. See text for further description.
visceral connective which had been dissected free from the visceral  mass. Two
pairs of stimulating electrodes were placed on the connective with the cathodes
at  10 and 43 mm, respectively,  from the ganglion. Maximal volleys were then
evoked  separately by each electrode pair, and the responses recorded from an
ipsilateral  surface  cell  were  superimposed  photographically  by  correct
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FIGURE  11.  IPSP  reversal  caused  by  increasing  the  ambient  level  of membrane  po-
tential. Al  and  BI  show  normal  response of two cells  to maximal  volleys evoked  in the
ipsilateral  posterior pallial  nerve.  In  A2-A4  and B2-B4,  steady hyperpolarizing  current
was  passed  through  the  recording  electrode  to  preset  the  membrane  potential  at  in-
creasingly  greater  levels:  the  approximate  level  of IPSP reversal  potential obtained  in
A2 and B2.  Note  increase  in amplitude  of EPSP  throughout, and  enhancement of small
PSP's  in later regions  of the  response.  Calibration,  10  mv in  all  records;  50  msec Al-
A4,  100 msec  in B1-B4.  (Al-A4,  15.5
0C; B-B4,  12
0C).
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adjustment  of  the  stimulus  delay  control.  If the  afferent  fiber  populations
responsible  for the different  phases  of the response  have  different  conduction
velocities,  increasing  the length  of the presynaptic  pathway  should  generally
increase  conduction  time,  thereby  accentuating  the  difference  in  latency
between  the two phases.  The records  shown in Fig.  12  indicate that the slopes
FIGURE  12.  Comparison  of time  courses of
response  evoked  by  volleys  set up at differ-
ing distances from the  ganglion. Stimulating
electrode  pair 2 was on  the  ipsilateral  C-V
connective  at  a  distance  over  four  times  as
fr  flvm  the  rannlinn  an  nnir  1  L.nwer
traces  in each  record  are  identical  with the
respective  upper  traces,  but  were  obtained
on  a  delayed,  expanded  sweep;  numbers
indicate  responses  evoked  by  the  relevant
electrode  pair.  Responses  in  A  and  B
were  obtained  with stimuli  subthreshold  for
impulse  initiation.  Calibration,  10  mv
throughout;  50  msec  in  upper  traces,  20
msec  in  lower  traces.  (14.5°C).
of  the  rising  phase  of  both  the  EPSP  and  the  IPSP  are  decreased  slightly
following  stimulation  of  the  longer  pathway,  due  probably  to  increased
temporal  dispersion  of impulses within the evoked volley. However,  the effects
do  not  appear  to  be  more  pronounced  with  respect  to  either  phase  of  the
response  as compared  with  the other,  and the results  thus support  the earlier
premise  with regard  to  the similarity  of the afferent  pathways  involved.
DISCUSSION
The  present  findings  are  in  marked  contrast  to those  obtained  from  cells  in
another  region  of the visceroparietal  ganglion.  In  an  earlier  paper  (Mellon,
1965  b)  intracellular  recordings  from  efferent  neurons  in  the  pallial  lobes  of
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the  ganglion  were  shown  to  consist  of  EPSP's  which  generated  trains  of
impulses  lasting  100 msec  or more  when activated  reflexively  by  afferents in
branches  of  the  posterior  pallial  nerve.  In  addition  to  the  more  obvious
differences  in  response  characteristics  between  these two respective  cell  pop-
ulations,  it  is  also  evident  that  their  functional  relationships  are  dissimi-
lar.  The  surface  neurons  apparently  do  not  contribute  to  the  axon  com-
plement  of  any  major  nerve  trunk,  and  they  may  therefore  be  local
interneurons.
Although  the  surface  cells  are  numerous  and  are  driven  by  all  major
afferent pathways  from both sides of the ganglion, their role in the behavioral
physiology  of  the  animal  is  obscure.  The  prolonged  inhibitory  phase  is
especially  intriguing.  Previous  workers  have  indicated  that  even  localized
sensory input is rather widely  and generally distributed  to all parts of the bi-
valve central  nervous system;  nervous activity, once initiated,  even  returns to
the  ganglion  of  origin  via  any  available  pathway  (Drew,  1908;  Horridge,
1958).  While  such  a  system  insures  that  relevant  input  is  communicated
throughout the nervous system with a high safety factor,  it may also prove to
exert too  prolonged an  influence on  the coordinated  behavior of the animal,
due  to  reinvasion  of motor  centers  by  cyclical  activity.  A  prolonged  late
inhibitory  influence  directed  at the interneurons  driving such  centers  would
be one method of avoiding consequences  of continuously recirculated activity,
or activity introduced  by reafference  while insuring  that all pertinent  regions
of the nervous  system were initially  exposed  to it.  However,  so little informa-
tion is available with regard to the physiology and anatomical relationships of
cells  within the bivalve central  nervous system,  that any proposals  regarding
functional  arrangements  of the  surface  neurons  must  still  be  considered  as
highly speculative.
Some conclusions can be drawn from the available data about  the nervous
pathways  which are  presynaptic  to  the  surface neurons  of the anterior  lobe.
For  example,  there  are  several  reasons  for  rejecting  the  possibility  that re-
current  axon  collaterals  are responsible  for  the  late  inhibitory  phase  of the
compound  response.  In the  more than  40 anterior  lobe  units examined  im-
pulses were not generated  by the early EPSP until nearly maximum stimulus
strength  was  applied  to  the  afferent  nerve;  IPSP's  however,  appeared  in
response  to  stimulating  currents  which  were  threshold  for  the  EPSP's,  but
well  below  the  level  necessary  for  impulse  generation.  In  addition,  direct
stimulation  of impaled  neurons was  never  effective  in generating  even small
IPSP's,  even  when  trains  of  impulse  were  evoked  by  prolonged  excitatory
currents.  Finally,  prolonged  stimulation  of afferent  fiber tracts  by repetitive
electrical  stimuli  at  1-100  per  sec  always  evoked  prolonged  inhibition  in
impaled  cells; it must  be assumed  that this  was  characteristic  of all  surface
cells  in any preparation.  Since it can  be  seen  (Fig. 8),  that an  IPSP was  an
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invariable  consequence  of  each  nerve  stimulus,  even  after  all  excitatory
activity in  the impaled  cell  (and,  presumably,  other anterior  lobe cells)  had
ceased,  the late inhibition  cannot  be correlated  with  impulse  activity in  the
surface neuron  population  itself.
The foregoing  discussion favors  the conclusion  that both the  early and the
late  phases of the  compound  response  are  driven  as a  direct consequence  of
afferent input. The difference  in latency  between  the two phases  is a striking
and  consistent  feature  of these  preparations,  however,  and  this  is  at  first
difficult  to  reconcile  with the results  of experiments  which  indicate  that the
afferent pathways responsible  for both the EPSP and the  IPSP are similar in
conduction  velocity.  One  is  forced  to  conclude  that  the  intraganglionic
conduction  pathways  mediating  the respective  response  phases  differ mark-
edly.  This difference  could take the form either of an increase  in the length of
the presynaptic  pathway  responsible  for  the IPSP,  or  the  interpolation  of a
relay synapse  through  a second order  neuron.  The small size of the ganglion
and the difference  in latencies seem to favor the latter possibility. It is simplest
to  conclude  that  the  afferent  fibers  driving  the  compound  response  branch
within  the  visceral  ganglion  and  end  in  excitatory  synapses  directly  on  the
anterior  lobe  surface  neurons  as  well  as  other  unspecified  inhibitory  cells;
activity in this latter population  of neurons would reach the surface cells  after
the peak of the EPSP and would produce the delayed inhibition. The presence
of afferent  collateral  inhibition  has now been  established  in  the mammalian
spinal  cord  (Araki,  Eccles,  and  Ito,  1960;  Eide,  Lundberg,  and  Voorhoeve,
1961).  There,  however,  the  latency  difference  between  the  excitatory  and
inhibitory output  is very much  less  (under  1 msec);  moreover,  the EPSP and
IPSP respectively, occur in antagonistic motoneuron pools, and this reciprocal
arrangement  is clearly different from the sequential responses  occurring within
cells  of  a  homogeneous  neural  population  which  characterize  the  present
investigation.
Unitary biphasic postsynaptic  potentials have recently been observed in the
left giant cell in the Aplysia central  nervous system (Hughes  and Tauc,  1965);
the input pathway driving both phases of the response  is known to be a single
cell,  namely,  the right giant cell.  Of special  interest  in this preparation  how-
ever,  is  the obvious  control of synaptic  function by the frequency  of impulses
in the  input pathway:  at frequencies  below  3  per sec,  an  inhibitory function
dominates  and no membrane excitation due to the early phase of the response
occurs.  However,  higher  input frequencies  apparently  fatigue  the  inhibitory
pathway  and  facilitate  excitation,  resulting  in  summation  of  subsequent
EPSP's and impulse generation  across  the postsynaptic membrane.  The con-
trol of synaptic function by input frequency  in the clam is not so marked, since
the  inhibitory  phase  of  the  response  eventually  dominates  the  postsynaptic
membrane during prolonged stimulus trains. At the higher frequencies,  several
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impulses  may  occur  initially; however,  the  apparent resistance  to  fatigue  of
the  inhibitory  pathway  and  the  attendant  increase  in  conductance  of  the
membrane successfully interfere with depolarizing  influences after the first few
stimuli.
While excitation-inhibition  sequences have  now been shown to be  a  prom-
inent  feature  of  the  nervous  system  both  of vertebrates  and  molluscs,  the
neural  arrangements  appear  to  be  different  in  the  two  groups;  recurrent
collateral inhibition,  prominent  especially  in the mammalian  central nervous
system  is  a  fixed  and  inevitable  consequence  of excitation  of the  target cell
population.  In  molluscs,  the  principle  of  afferent  collateral  inhibition  has
apparently  been  selected;  thus,  theoretically  at  least,  the  presence  of  an
inhibitory phase  of the postsynaptic  response  can depend upon the nature  of
the  presynaptic  pathway  and  (possibly)  the  frequency  of  the  input.  An
available flexibility  of this sort does not seem  to be unreasonable  in the light
of the neural  parsimony  which  is characteristic  of these invertebrate  nervous
systems.
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